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Recalcitrant polysaccharidesGlycoside hydrolases depolymerize polysaccharides. They can subtract single carbohydrate chains
from polymer crystals and cleave glycosidic bonds without dissociating from the substrate after
each catalytic event. This processivity is thought to conserve energy during polysaccharide degrada-
tion. Herein, we compare the processivity of components of the chitinolytic machinery of Serratia
marcescens. The two processive chitinases ChiA and ChiB, the ChiB-W97A mutant, and the endoch-
itinase ChiC were analyzed for the extent of degradation of three different chitin substrates. More-
over, enzyme processivity was assessed on the basis of the [(GlcNAc)2]/[GlcNAc] product ratio. The
results show that the apparent processivity (Papp) greatly diminishes with the extent of degradation
and conﬁrm the hypothesis that Papp is limited by the length of obstacle free path on the substrate.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
To understand the mechanisms behind enzymatic hydrolysis of
recalcitrant polysaccharides such as cellulose (a 1,4-b-linked poly-
mer of D-glucose) and chitin (a 1,4-b-linked polymer of N-acetyl-D-
glucosamine (GlcNAc) (Fig. 1) is of great biological and economic
importance. Enzymes acting on cellulose or chitin face the chal-
lenges of associating with the insoluble substrate, disrupting the
crystal packing, and guiding a single polymer chain into the cata-
lytic center. Many polymer active enzymes act in a processive
manner meaning that they bind individual polymer chains in long
tunnels or deep clefts and hydrolyze a series of glycosidic linkages
along the same chain before dissociation [1–5]. The general idea is
that catalytic efﬁciency is improved by keeping the enzyme closely
associated to the substrate in between subsequent hydrolytic
reactions. In the case of crystalline substrates, calculations show
that the enzymes face a free energy penalty of 5.6 kcal/mol pr. chi-
tobiose unit and 5.4 kcal/mol pr. cellobiose unit in decrystallization
energies signifying the importance for processive enzymes
being capable of keeping once-detached single chains from
re-associating with the insoluble material [3,5–8].
Intrinsic processivity of polymer active enzymes is governed by
the rate constants koff and kcat meaning that it is the enzyme disso-
ciation from the polymer chain and the catalytic constant that isimportant. This is summarized in the formula PIntr = (kcat + koff)/koff
[9,10]. PIntr values estimated for cellobiohydrolases are in the range
of 1000 whereas the measured values of processivity, also referred
to as apparent processivity (Papp), are more than an order of mag-
nitude lower [9,11]. These ﬁndings have led to the hypothesis that
Papp (number of cleavages per one productive binding event) is lim-
ited by the length of obstacle free path on the substrate [9,11–13].
Because processive enzymes have intrinsically low koff values the
encounter of an obstacle will cause an enzyme to halt. This limits
the rate of enzyme recruitment [12] and causes so called trafﬁc
jams [14,15] on the polymer surface thus slowing the overall rate
of polymer degradation. To test the possible correlation between
the rate of polysaccharide degradation and Papp, we studied the
changes of Papp upon a large range of the degree of chitin conver-
sion. The well-characterized chitinolytic machinery of Serratia
marcescens that contains two processive chitinases (ChiA and ChiB)
and an endochitinase (ChiC) [16] was used. Chitin is an insoluble
and heterogenous substrate, and therefore it is challenging to
determine the processivity quantitatively [17]. The simplest way
to measure Papp is to follow the proﬁle of soluble products from
hydrolysis. It has been proposed that the ﬁrst cleavage from a poly-
mer chain end will result in the release of an odd numbered oligo-
saccharide (e.g. mono- or trisaccharide) whereas all subsequent
processive cleavages result in the release of disaccharides (Fig. 2).
Assuming that the ﬁrst product is a trisaccharide that is subse-
quently hydrolyzed to a mono- and a disaccharide the Papp is given
by Papp = [disaccharide]/[monosaccharide]. This approach has
several pitfalls, like the assumption of the exclusive formation of
Fig. 2. Crystal structure of ChiB (top) and a schematic picture of ChiB in complex
with a single chitin chain. Highlighted in blue are surface exposed aromatic amino
acids that stacks with sugar moieties (being individual subsites). The glycosidic
bond between the sugar residues in subsite 1 and +1 is enzymatically cleaved. A
correctly positioned N-acetyl group (shown as sticks) in the 1 subsite is essential
for the substrate-assisted catalysis. Due to that the smallest structural unit of chitin
is a disaccharide, the product of repeated processive enzymatic actions will be
dimers, (GlcNAc)2. Monomers, GlcNAc, originate from initial productive binding
when the sugar in the non-reducing end occupies a subsite with an odd number. For
these reasons, a high ratio of [(GlcNAc)2]/[GlcNAc] indicates a high degree of
apparent processivity.
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not hold as different enzymes may have different preferences for
the orientation of the chain end relative to the polymer surface
or different probability of endo-mode initiation. Despite these pos-
sible pitfalls, a recent high speed atomic force microscopy (HS
AFM) study has revealed a good consistency between Papp values
of cellobiohydrolases measured using product proﬁles and HS
AFM results [18]. However, one may speculate that the fraction
of enzymes performing very short runs on the polymer is underes-
timated in single molecule tracking studies leading to an overesti-
mate of the degree of processivity. Here we quantiﬁed the soluble
hydrolytic products (GlcNAc)2 and GlcNAc in hydrolysis of chitin
by S. marcescens chitinases and used their ratio as a measure of
Papp. Although the absolute values of Papp should be treated with
caution our results demonstrated the drastic reduction of Papp with
the degree of chitin conversion.
2. Materials and methods
2.1. Chemicals
Chitooligosaccharides were obtained from Megazyme (Wick-
low, Ireland). Squid pen b-chitin was purchased from France Chitin
(180 lm microparticulate, Marseille, France) and a-chitin was
purchased from Yaizu Suisankagaku Industry (Tokyo, Japan) and
was sheared using a converge mill to a crystallinity of 74% as
described by Nakagawa et al. [19]. All other chemicals were of
analytical grade.
2.2. Protein expression and puriﬁcation
The ChiA and ChiB [20], the ChiC [21], and ChiB-W97A [8] genes
were expressed in Escherichia coli as described previously. The peri-
plasmic extracts were loaded on a column packed with chitin
beads (New England Biolabs) equilibrated in 50 mM Tris–HCl pH
8.0. After washing the column with the same buffer, the enzymes
were eluted with 20 mM acetic acid. The buffer was then changedFig. 1. Left: Chemical structure of chitin and how it stacks in an a-chitin polymer crysta
polymer crystal structure [30]. Both chitin and cellulose have the sugar units rotated 1
disaccharide.to 100 mM Tris–HCl pH 8.0 using Amicon Ultra-Centrifugal ﬁlters
(Millipore). Enzyme purity was veriﬁed by SDS–PAGE and esti-
mated to be >95%. Protein concentrations were determined by
using the Bradford Protein Assay from Bio-Rad.
2.3. Degradation of chitin
Hydrolysis of chitin (2.0 mg/ml) was carried out in 50 mM
sodium acetate buffer at pH 6.1. The chitin samples were sonicated
for 20 min in a sonication bath (Transsonic, Elma) to increase the
surface of the substrate and thereby increase the availability ofl structure. Right: Chemical structure of cellulose and how it stacks in a cellulose II
80 relative to their neighboring residues, so that the smallest structural unit is a
Fig. 3. (A) The extent of degradation of b-chitin (180 lm) with respect to time for
two processive chitinases, an endochitinase, and a mutant with reduced degree of
processivity from Serratia marcescens. The two processive chitinases (ChiA and
ChiB) are more efﬁcient degraders of chitin than the endochitinase and the mutant
(ChiC and ChiB-W97A). (B) The degradation at initial time points. Hydrolysis was
undertaken with 2.5 lM enzyme in 50 mM, pH 6.1 sodium acetate buffer at
t = 37 C with 2.0 mg/ml chitin.
Fig. 4. Progress curves for the formation of (GlcNAc)2 (squares) and GlcNAc (circles)
after hydrolysis of b-chitin by ChiA (black), ChiB (red), ChiC (green) and ChiB W97A
(blue). (GlcNAc)2 and GlcNAc were the only products detected.
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incubated at 37 C in an Eppendorf thermo mixer at 800 rpm to
avoid settling of the chitin particles. The enzyme concentrations
were in total 2.5 lM in all experiments. Aliquots of 75 ll were
withdrawn at regular time intervals, and the enzymes were inacti-
vated by adding 75 ll 20 mM H2SO4. Prior to further HPLC analysis
all samples were ﬁltrated through a 0.45 lm Duapore membrane
(Millipore) to remove denatured protein and chitin particles. All
reactions were run in duplicate, and all samples were stored at
20 C until HPLC analysis. The degree of degradation is deﬁned
by the percentage of number of moles solubilized GlcNAc-units
with respect to number of moles GlcNAc-units in solid form
(chitin) used in the experiments.
2.4. High performance liquid chromatography (HPLC)
Concentrations of chitooligosaccharides were determined using
HPLC with a Rezex Fast fruit H+ column (100 mm length and
7.8 mm inner diameter) (Phenomenex). An 8 ll sample was
injected on the column, and the mono/oligosaccharides were
eluted isocratically at 1 ml/min with 5 mMH2SO4 at 85 C. The chi-
tooligosaccharides were monitored by measuring absorbance at
210 nm, and the amounts were quantiﬁed by measuring peak
areas. Peak areas were compared with peak areas obtained with
standard samples with known concentrations of mono- and
disaccharides.
3. Results and discussion
Progress curves of degradation of a b-chitin (180 lm) by the pro-
cessive S. marcescens chitinases ChiA and ChiB along with the
endochitinase ChiC and a ChiB variant (ChiB-W97A) with reduced
processivity are shown in Fig. 3. As is characteristic to the
enzymatic degradation of recalcitrant polysaccharides we can see
drastic decreases in hydrolysis rates already at moderate degrees
of conversion. (GlcNAc)2 and GlcNAc were the only soluble prod-
ucts detected and progress curves of formation are shown in
Fig. 4. It is important to note that none of the enzymes are capable
of cleaving (GlcNAc)2 into two GlcNAc-units. At the initial stage of
hydrolysis, the [(GlcNAc)2]/[GlcNAc] ratio was constant with aver-
age values of 30.1 ± 1.5, 24.3 ± 2.0, 14.3 ± 1.4 and 11.0 ± 1.8 for
ChiA, ChiB, ChiC and ChiB-W97A respectively (Fig. 5). In a recent
HS AFM study, the velocity of movement and the duration of pro-
cessive runs of ChiA and ChiB on b-chitin were measured [23].
The authors estimated the half-life of processivity to be 21 and 13
cleavages for ChiA and ChiB respectively. These values can be con-
verted to processivity values by dividing with ln2 [18]. Thus the HS
AFM singlemolecule tracking resulted in processivity values of 30.3
and 18.8 for ChiA and ChiB, respectively, which are in good agree-
ment with ChiA being more processive than ChiB as seen in our
study. This also indicates that the [(GlcNAc)2]/[GlcNAc] ratio can
be used as a simple measure of the processivity of these enzymes.
Comparison of the extent of chitin degradation and the initial
processivity values suggests that enzymes with a higher initial
degree of processivity are more efﬁcient degraders of b-chitin.
Interestingly at higher degree of chitin degradation, analysis of
[(GlcNAc)2]/[GlcNAc] ratios reveals differences between the pro-
cessive enzymes ChiA and ChiB and the less processive endo acting
ChiC and ChiB-W97A (Fig. 4). In the case of ChiA and ChiB the
[(GlcNAc)2]/[GlcNAc] ratio continuously decreased with the degree
of chitin conversion whereas the effect of the extent of degradation
to the processivity of ChiC and ChiB-W97A was less prominent.
This suggests that endo enzymes rely less on processivity and that
their rate is rather controlled by the presence of easily accessible
regions on the chitin.Since the [(GlcNAc)2]/[GlcNAc] ratio was time dependent, the
processivity was also calculated based on the rates of (GlcNAc)2
and GlcNAc formation (Papp = m[(GlcNAc)2]/m[GlcNAc]). Rate based
Papp values showed similar trends as the concentration based Papp
Fig. 5. Comparison of initial [(GlcNAc)2]/[GlcNAc] ratios for the four different
chitinases.
Fig. 6. Comparison of the [(GlcNAc)2]/[GlcNAc] ratio against extent of degradation
for the four different chitinases investigated.
Fig. 7. The extent of degradation of chitin with respect to time for ChiA alone,
together with ChiB, together with ChiC, and together with both ChiB and ChiC,
respectively.
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nounced (data not shown). The difference was most evident for
ChiA where the rates of (GlcNAc)2 and GlcNAc formation were
nearly equal at conversions above 50%. Previously, studies of
changes in product proﬁles (cellobiose/glucose ratio) in cellulose
hydrolysis have revealed little or no changes in processivity with
respect to conversion [18,24,25]. However, the degree of conver-
sion remained below 10% in these studies. At these low degrees
of conversion, we did not see signiﬁcant changes in Papp either
(Fig. 3). In a study by Fox et al. it was found that Papp of an
individual cellobiohydrolase (TlCel7A) increased with substrate
degradation up to 60% conversion [13]. The reasons behind the
different behavior of TlCel7A and the different S. marcescens chitin-
ases to this respect remain to be studied. Moreover, the Papp of
TlCel7A decreased with increasing concentration of an endoglucan-
ase (TemGH5). The effect on Papp by addition of ChiB and ChiC, by
themselves and together, with ChiA was also investigated in our
study. At the initial stage of hydrolysis, the [(GlcNAc)2]/[GlcNAc]
ratio was observed to be 27.1 ± 1.3 for ChiA and ChiB, 26.3 ± 2.0
for ChiA and ChiC, and 22.1 ± 2.0 for ChiA, ChiB, and ChiC com-
bined. For ChiA in the presence of either ChiB or ChiC, these values
are intermediate between those observed for ChiA and ChiB alone
(30.1 ± 1.5 and 24.3 ± 2.0, respectively). When all three chitinases
are present, the observed Papp value is close to that observed for
ChiB alone. Even though initial Papp was smaller for ChiA in combi-
nation with other chitinases, both the rate of hydrolysis (after the
ﬁrst initial 60 min) as well as the extent of degradation was larger
(Fig. 7).
Finally, the effect of the origin of the substrate on Papp was
assessed by allowing ChiA to incubate with a sheared a-chitin.
Here, at the initial stage of hydrolysis, the [(GlcNAc)2]/[GlcNAc]
ratio was observed to be 14.2 ± 0.5, signiﬁcantly smaller than what
was observed for the b-chitin (30.1 ± 1.5) used in this study. The
anti-parallel orientation of the polymer chains of a-chitin allows
a high number of hydrogen bonds to be formed resulting in a tight
packing of the polymeric strands and high stability of the crystal-
line structure [26,27]. Moreover, this tight packing exclude the
presence of water. The parallel orientation of the polymer strands
in b-chitin allows for up to two water molecules pr. N-acetylgluco-
samine residue making this form less recalcitrant [28,29], and
hence likely easier to be degraded in a processive manner. With
this in mind, the decreased [(GlcNAc)2]/[GlcNAc] ratio with respect
to extent of degradation as shown in Fig. 6 may also in part be con-
nected with the hydration of the b-chitin in that the content of
water molecules is decreased inside of the substrate making thispart of the crystal more recalcitrant. The addition of ChiB to ChiA
in a-chitin degradation only slightly altered the initial Papp
(15.5 ± 1.0).
Together our data suggest that the substrate becomes more
recalcitrant with conversion shown with a decrease in processivity
of processive enzymes. Also, we see a difference between sub-
strates. It is therefore essential to report both the nature of the sub-
strate that is used as well as having control of the extent of
substrate degradation when reporting the degree of processivity.
As previously proposed for cellulose hydrolysis the degradation
of chitin by processive chitinases is limited by the length of obsta-
cle free paths on the substrate [9,11–13]. Initially ChiA has a higher
degree of processivity than ChiB while at the end points the [(Glc-
NAc)2]/[GlcNAc] ratio is higher for ChiB than ChiA. Also, the end
points for ChiA and ChiB differs with approximately 30%. These
are several factors making us strongly suggesting that the initial
degradation is the best measure of processivity and that having
control of the extent of substrate degradation is important.
Although the role of other factors, like product inhibition, cannot
be excluded our data suggest that the length of obstacle free path
during hydrolysis is an important contributor in controlling the
rate of chitin degradation.
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